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APPELLANT'S BRIEF ON APPEAL 



This is an appeal to the Board of Patent Appeals and Interferences from the decision of 
the Examiner finally rejecting claims 1-3, 5-10, 14-19 and 45, and is in furtherance of the Notice 
of Appeal filed on February 7, 2002 in this application. The appealed claims are as set forth in 
the attached Appendix of Claims. Provision for the payment of fees required for filing this brief, 
and any required extension of time for filing the brief, is submitted herewith. This brief is 
submitted in triplicate in accordance with the provisions of 37 C.F.R. §1.1 92(a). 
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REAL PARTY IN INTEREST 

The real party in interest in this appeal is Dr. Ya Fang Liu, the party named in the caption 
of this brief. 

RELATED APPEALS AND INTERFERENCES 

There are no related appeals or interferences that will directly affect, be directly affected 
by, or have a bearing on the Board's decision in this appeal. 

STATUS OF CLAIMS 

The status of the claims in this application is as follows. Claims 1-3, 5-10, 12-19 and 45 
are pending and are on appeal. Claims 1-3, 5-10, 12-19 and 45 were finally rejected in the 
Office Action dated November 2, 2000. Claims 4, 1 1 and 20-44 have been previously cancelled. 
No claims have been allowed. 

STATUS OF AMENDMENTS 

An Amendment After Final Rejection was filed on February 7, 2002. The Amendment 
proposed amending certain claims and canceling other claims. An Advisory Action was mailed 
on March 21, 2002, in response to the Amendment. In the Advisory Action, the Examiner stated 
that the Amendment and Response would not be entered since the proposed amendments (i) 
raised new issues that would require further search and/or consideration, (ii) were not deemed to 
place the application in better form for appeal, and (iii) with respect to claims 7 and 8, raise new 
grounds of rejection. A Supplemental Amendment After Final Rejection was filed on April 11, 
2002. The Supplemental Amendment proposed certain claim amendments and claim 
cancellations in response to issues raised in the Advisory Action. The Supplemental Amendment 
has not been acted on by the Examiner as yet. Appellant believes that entry of the Supplemental 
Amendment would obviate this appeal. 
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SUMMARY OF INVENTION 



The claimed invention relates to methods for assessing the ability of a compound to 
prevent neuronal cell death occurring in a mammal susceptible to or having a neurological 
condition. Neuronal cells having activated MLK activity are contacted with a compound, and 
the number of neuronal cells that die is determined. A decrease in the number of dead neuronal 
cells in the presence of the compound, compared to the number of dead neuronal cells in the 
absence of the compound, is indicative of the ability of the compound to inhibit neuronal cell 
death. Page 3, line 23 to page 4, line 2. The neuronal cells can be apoptbtic neurons, wherein the 
cell death is caused by a neurological condition, or neurons that are induced to undergo 
apoptosis, such as by contacting the neuronal cells with a neurotoxin such as glutamate, 
quinolinic acid or kainic acid. Page 4, lines 2-5. HN33 hippocampal neuronal cells are preferred. 
Page 4, lines 5-6. 

In other embodiments, the claimed invention also relates to the ability of a compound to 
inhibit MLK activity by contacting the compound with an MLK, measuring the amount of MLK- 
associated activity, and comparing the level of the MLK-associated activity in the presence of 
the compound with the level of MLK-associated activity in the absence of the compound. Page 
4, lines 7-16. The MLK-associated activity can be an MLK activity or apoptosis. Page 4, lines 
17-19. Apoptosis can be induced in a cell by introducing a huntingtin protein, such as 
polyglutamine stretch-expanded huntingtin, in the cell, or by introducing the C-terminal 100 
amino acids of an amyloid precursor protein (APP). Page 4, lines 20-26. 

ISSUES 

The issues to be decided in this appeal are as follows: 

1 . Whether the present claims are entitled to the benefit of the provisional application filing 
date. 

2. Whether claims 1-3, 5-8 and 12-19 are supported by the specification or contain new 
matter. 
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3. Whether claims 9, 10 and 45 are enabled by the specification under 35 U.S.C. 1 12, first 
paragraph, in such a way as to permit one skilled in the art to make and/or use the 
invention. 

4. Whether claims 2, 7-9 and 12-13 are indefinite under 35 U.S.C. 1 12, second paragraph, 
for failing to particularly point out and distinctly claim the invention. 

5. Whether claims 1, 6, 14, 19 and 45 are unpatentable under 35 U.S.C. 102(e) as being 
anticipated by the Miller et al. reference (U.S. Patent No. 6,060,247). 

6. Whether claim 19 is unpatentable under 35 U.S.C. 103(a) as obvious over any of the 
Tibbies et al., Rana et al., and Hirai et al. literature references in view of the Au- Young 
reference (U.S. Patent No. 5,817,479). 

GROUPING OF CLAIMS 

Claims 1, 9, 14, 19 and 45 are the pending independent claims in this application. Claims 
1 and 9, and claims dependent thereon, are directed to the assessment of compounds of interest 
by the measurement of neuronal cell death. Claims 2, 3 and 5-8, can be grouped with claim 1, 
and claims 10, 12 and 13, can be grouped with claim 9. These claims stand or fall together. 
Claims 15-19, directed to the assessment of compounds of interest by the measurement of the 
level of apoptosis in neuronal cells, can be grouped with claim 14, and stand or fall with claim 
14. Claims 19 and 45, which relate to the assessment of compounds of interest by the 
measurement of MLK activity, stand or fall together. Claims 1, 2, 3, 5-8, 9, 10, 12 and 13 should 
be considered independently of claims 14-19 and 45. 

ARGUMENT 

Benefit of Provisional Application Filing Date 
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The Examiner has stated that appellant is not entitled to the benefit of the filing date of 
Provisional Application No. 60/085,439, filed May 14, 1998, since the provisional application 
does not support the methods as presently claimed, and all of the present claims embrace broader 
concepts. Appellant respectfully disagrees with this conclusion. 

The claims of this application are directed to methods for assessing the ability of a 
compound for preventing neuronal cell death, and/or for inhibiting MLK activity. For purposes 
of comparing the provisional and regular applications, the methods of this invention involve the 
steps of (1) contacting the compound with cultured neuronal cells, or an MLK protein and a 
substrate for the protein, (2) measuring the response of the cells or protein substrate to the 
compound, and (3) comparing these results to a control. The issue regarding benefit is whether 
these methods are disclosed in sufficient detail in the provisional application in order to place 
one skilled in the art in possession of the claimed invention in compliance with the requirements 
of the first paragraph of 35 U.S.C. §112. Appellant submits that this is the appropriate standard 
for benefit purposes, and that appellant has fully complied with this standard. 

The provisional application states that polyglutamine-expanded huntingtin causes 
neuronal toxicity in, for instance, cultured HN33 neuronal cells. As a comparison, 293 normal 
cells were also evaluated. See pages 7 and 8 of the provisional application, and note than there is 
no limitation in the independent claims as to the type of compound that can be assessed. Thus, 
the term "compound", as used in the invention, includes both normal huntingtin and mutated 
huntingtin within its scope. Moreover, the cells of the invention have activated MLK2 activity as 
required by the claims. Appellant submits that one skilled in the art, upon reading the provisional 
application specification, would understand that normal huntingtin has the ability to inhibit 
neuronal cell death in cells with activated MLK2 activity which are contacted with normal 
huntingtin, since such cells have been shown to survive. This satisfies the limitations of the 
independent claims of the present invention. See the relevant disclosure in the provisional 
application at pages 6-7, and compare Figures 4B and 4C of the provisional application. The 
provisional application discloses the use of normal huntingtin as only one example of a suitable 
compound, as one skilled in the art would readily appreciate. 

In addition to cell based methods, the provisional application also discloses the use of cell 
free methods for assessing the effect of a particular compound on neural toxicity. On page 5, the 
provisional application states that MLK is a protein kinase that directly binds to and activates 
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SEK1 . The expression of mutant huntingtin in MLK-expressing neuronal cells induces cell 
death. However, when a dominant negative form of SEK1 is co-expressed with mutated 
huntingtin in MLK-expressing neuronal cells, the death of the cells is blocked. Accordingly, one 
of ordinary skill in the art would understand that active MLK kinase activity, in binding to and 
activating SEK1, results in neuronal cell death, and that a compound, such as normal huntingtin, 
that inhibits MLK2 kinase activity, and the activation of the MLK substrate SEK1, also inhibits 
neuronal cell death. 

Although the present claims may not be supported in ipsis verbis by the disclosure in the 
provisional application, an exact written description of the claims is not a necessary precondition 
for benefit under 35 U.S.C. 1 12, first paragraph. Appellant submits that all that is required for 
benefit is that one skilled in the art be placed in possession of the invention, and appellant has 
done so here. 

Rejections under 35 U.S.C. 112, First Paragraph 

Claims 1-3, 5-8 and 12-19 have been rejected under 35 U.S.C. 1 12, first paragraph, as 
lacking enablement in view of the fact that the specification does not specifically disclose DLK 
and LZK activity. The Examiner has stated that this is a new matter rejection, and that the 
specification as originally filed does not appear to disclose nor contemplate these particular 
kinases. 

Appellant submits that it is not necessary to have literal support in the specification for 
terms which are disclosed and well known in the prior art. In re Wands, 858 F.2d 73 1, 8 USPQ2d 
1400 (Fed. Cir. 1988). In the present case, the application is directed broadly to both MLK and 
JNK activity, and states that these terms also include other members of the MLK and JNK family 
of proteins. See page 8, lines 22-27 of the application. Specific members of the MLK family 
described in the specification include, for instance, MLK1, MLK2 and MLK3. However, this 
disclosure of specific examples of MLK activity is not intended to exclude other members of the 
MLK family which would logically be included within the scope of the invention, and that are 
recognized in the art as part of this family. 

As examples of references that disclose DLK and LZK activities, enclosed with this brief 
as Exhibit 1 is a literature reference to Sakuma et al., The Journal of Biological Chemistry, 272, 
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pages 28622-28629 (1987). The Sakuma et al. reference describes both LZK and DLK, the 
relationship of these proteins, and the fact that these proteins are both members of the MLK 
family of proteins. See, for instance, the abstract on the first page of the reference. In view of this 
clear disclosure, appellant submits that claims which embrace these two proteins do not create an 
issue of new matter under prevailing case law. 

Claims 9 and 10 have also been rejected under 35 U.S.C. 112, first paragraph, as lacking 
enablement in the specification. In particular, the Examiner has objected to the expression 
"occurring in a mammal susceptible to or having a neurological condition". Appellant believe 
that this expression is fully supported in the specification, and points to page 4, lines 7-9 as 
evidencing such support. Moreover, appellant believes that one skilled in the art would have no 
difficulty in determining the precise metes and bounds of this expression as used in the appended 
claims. 

Claim 45 has been rejected under 35 U.S.C. 1 12, first paragraph, as containing subject 
matter which was not described in the specification in such a way as to enable one skilled in the 
art to make and/or use the invention. According to the Examiner, the specification identifies only 
kinase enzymatic activity associated with MLK, and that claim 45 is not limited to kinase 
activity. In addition, the Examiner also contends that there is no requirement in the claim for 
direct phosphorylatoin of SEK1 protein, and that the proteins embraced by the claim are large. 

Appellant contends that, in fact, claim 45 is no broader in scope than the scope of the 
enabling disclosure in the specification. Claim 45 specifies that the MLK protein is one of the 
following activities: MLK1, MLK2 or MLK3. This is certainly consistent with the specification. 
Moreover, the activity specified in claim 45 is an MLK activity. The MLK activity is further 
qualified as an enzymatic activity, an ability to bind a SEK1 protein, and an ability to 
phosphorylate a SEK1 protein. Thus, the proteins embraced by this claim are a clearly defined 
set of proteins which are required to possess MLK activity in addition to the other listed factors, 
and are not therefore unduly broad in scope. 

Rejections under 35 U.S.C. 1 12, Second Paragraph 

Claims 2, 7-9 and 12-13 have been rejected under 35 U.S.C. 1 12, second paragraph, as 
being indefinite for failing to particularly point out and distinctly claim the subject matter 
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applicant regards as the invention. The Examiner states that claims 2 and 9 should have used 
"and" instead of "or" for proper Markush language. The Examiner also states that claims 8 and 
1 3 are confusing by reciting a "disease comprising". In addition, the Examiner states that claims 
12 and 13 are identical to claims 7 and 8, respectively. Finally, the Examiner states that claims 7- 
8 and 23-13 are confusing. 

Appellant would be prepared to correct the Markush language in claims 2 and 9 should 
this appeal be successful in all other respects. Moreover, claims 12 and 13 should be dependent 
on claim 9, rather than claim 1, and appellant would be prepared to correct this oversight as well. 

Appellant takes issue with the criticism of the use of the expression "disease comprising", 
and believes that the meaning of this expression is clear from the context of the claims. 
Obviously, the intent of the referenced claim language is to enumerate the specific diseases listed 
in the claim for which the subject may be susceptible. 

Appellant also believes that claim 7-8 and 12-13 are not confusing and further limit the 
method claims on which they depend. These claims further modify the independent claims on 
which they depend since they specify the neurological condition of the mammal, and this is an 
element of the method recited in the independent claims. 

Rejections under 35 U.S.C. 102 

Claims 1, 6, 14, 19 and 45 have been rejected under 35 U.SW.C. 102(e) as being 
anticipated by Miller et al. (U.S. Patent No. 6,060,247). The Examiner states that the claims 
recite MLK activity, and that this activity inherently includes the ability to phosphorylate and 
bind to SEK1, which MEKK1 inherently does. The Examiner also states that the claims do not 
specifically require kinase activity. 

Miller et al. discloses a method for identifying a substance that inhibits apoptosis. 
According to Miller et al., a population of postmitotic neurons is infected with an adenovirus 
vector comprising DNA encoding a protein that induces apoptosis. A subset of the cell 
population is exposed to a substance suspected of inducing apoptosis, and the relative number of 
apoptotic cells is measured. See, in particular, claim 28 of Miller et al. 

The Miller et al. method is distinguished from the methods of present claims 1,6, 14, 19 
and 45 in the following respects. Present claims 1, 6 and 14 are directed to a method for 



8861769J 



-9- 



# 



assessing the ability of a compound to prevent neuronal cell death by contacting the compound 
with cultured neuronal cells having activated MLK activity. Present claims 19 and 45 involve 
contacting the compound to be assessed with an MLK protein and a substrate therefore. None of 
the present claims involve the use of an adenovirus vector to infect the neuronal cells to induce 
apoptosis, and there is no indication from the reference that the neuronal cells of Miller et al. 
have increased MLK activity. Accordingly, there is no basis for asserting that Miller et al. 
anticipates the present claims since the reference does not disclose each and every element of the 
claims as required 

Rejections under 35 U.S.C. 103 

Claim 19 has been rejected under 35 U.S.C. 103(a) as being obvious over the Tibbies et 
al., Rana et al., and Hirai et al. references, each in view of the Au- Young et al. patent (U.S. 
Patent No. 5,817,479). The Examiner states that the references teach that MLK1, MLK2, and 
MLK3 directly phosphorylate SEK1, and that in order to do so they must each bind SEK1. The 
Examiner also states that the ability to phosphorylate is a measure of kinase activity. Appellant 
respectfully disagrees with this conclusion. 

Claim 19 is directed to a method for assessing the ability of a compound to inhibit MLK 
activity by contacting the compound with an MLK protein and a substrate therefore, measuring 
the level of MLK activity, and comparing the level of MLK activity in the presence and absence 
of the compound. The MLK activity is further specified as a kinase activity or an ability to bind 
an SEK1 protein. 

The Tibbies et al. reference discloses that MLK3 catalyzes the phosphorylation of SEK1 
in vitro. The Rana et al. reference discloses that SPRK and MEK kinase- 1 phosphorylate and 
activate recombinant SEK-1. Finally, the Hirai et al. reference discloses a MAPK kinase class 
protein, SEK1/MKK4/JNKK, that is activated and phosphorylated by MST/MLK2. 

The Au- Young patent describes polynucleotides which encode certain novel protein 
kinases expressed in human cells and tissues. This patent also states that competitive drug 
screening assays incorporating neutralizing antibodies capable of binding to kinase fragments 
can be used to evaluate the binding of test compounds to such kinase fragments. See col. 23, 
lines 44-50 of the reference. 
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Other than the fact that all the references relate in some way to kinases, there is no basis 
for combining these references as proposed by the Examiner. Moreover, the result of such a 
combination would neither teach not suggest the method of claim 19 which is directed to the 
assessment of the ability of a compound to inhibit MLK activity. One skilled in the art would not 
be properly motivated to develop such a method based on the cited references. 

Conclusion 

Appellant has demonstrated herein entitlement to the benefit of the filing date of 
Provisional Application No. 60/085,439, filed May 14, 1998. Moreover, appended claims 1-3, 5- 
8 and 12-19 are believed to be fully enabled by the specification, and to comply with all other 
requirements of 35 U.S.C. §1 12, first paragraph. Claims 2, 7-9 and 12-13 are also believed to be 
sufficiently definite to overcome any rejections on the basis of 35 U.S.C. 1 12, second paragraph. 

The Miller et al. reference does not anticipate the present claims since there has been no 
showing on the part of the Examiner that the transfected neuronal cells of Miller et al. possess 
activated MLK activity. Moreover, the combination of Tibbies et al., Rana et al., and Hirai et al., 
each in view of the Au- Young et al. patent, does not render the claimed invention obvious since 
assessing the ability of a compound to inhibit MLK activity is not taught or suggested in any 
combination of these references. 

Accordingly, for the reasons presented in this brief, appellant respectfully urges the 
Board to reverse the rejections made in the final Office Action, and to allow all of the appended 
claims. 
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1 . A method for assessing a compound's ability to prevent neuronal cell death occurring in a 
mammal susceptible to or having a neurological condition, comprising: 

a) contacting a compound with cultured neuronal cells having activated MLK 
activity, wherein activated MLK activity is selected from the group consisting of MLK 1 activity, 
MLK2 activity, MLK3 activity, DLK activity, LZK activity, and an ability to bind a SEK1 
protein; and 

(b) determining the number of cultured neuronal cells that die; 
wherein a decreased number of dead cultured cells in the presence of the compound compared to 
the number of dead cultured neuronal cells in the absence of the compound is indicative of the 
compound's ability to prevent neuronal cell death. 

2. The method of claim 1, wherein the neuronal cells are expressing a mutated protein 
selected from the group consisting of polyglutamine stretch-expanded huntingtin or C-terminal 
100 amino acids of amyloid precursor protein, or treated with a neurotoxin to induce apoptosis. 

3. The method of claim 2, wherein the neuronal cells are HN33 cells. 

5. The method of claim 2, wherein the neurotoxin is glutamate, quinolinic acid or kainic 
acid. 

6. The method of claim 2, wherein the neuronal cells are apoptotic neurons. 

7. The method of claim 1, wherein the neuronal cell death occurs in a mammal having a 
neurological disease whereby glutamate or kainic acid mediated excitotoxicity is involved in 
neuronal cell death. 
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8. * The method of claim 1, wherein the neuronal cell death occurs in a mammal having a 
neurological disease comprising Huntington's disease, Parkinson's disease or Alzheimer's 
disease. 

9. A method for assessing a compound's ability to prevent neuronal cell death occurring in a 
mammal susceptible to or having a neurological condition, comprising: 

a) contacting a compound with cultured neuronal cells expressing a mutated protein 
selected from the group consisting of polyglutamine stretch-expanded huntingtin or C-terminal 
100 amino acids of amyloid precursor protein, or treated with a neurotoxin to induce neuronal 
cell death; and 

(b) determining the number of cultured neuronal cells that die; 
wherein a decreased number of dead cultured neuronal cells in the presence of the compound 
compared to the number of dead cultured cells in the absence of the compound is indicative of 
the compound's ability to prevent neuronal cell death. 

10. The method of claim 9, wherein the neuronal cells are HN33 cells. 

12. The method of claim 1, wherein the neuronal cell death occurs in a mammal having a 
neurological disease whereby glutamate or kainic acid mediated excitotoxicity is involved in 
neuronal cell death. 

13. The method of claim 1, wherein the neuronal cell death occurs in a mammal having a 
neurological disease comprising Huntington's disease, Parkinson's disease or Alzheimer's 
disease. 

14. A method for assessing the ability of a compound to prevent neuronal cell death 
occurring in a mammal susceptible to or having a neurological condition, comprising: 

a) contacting a compound with cultured neuronal cells having activated MLK 
activity, wherein activated MLK activity is selected from the group consisting of MLK 1 activity, 
MLK2 activity, MLK3 activity, DLK activity, LZK activity, and an ability to bind a SEK1 
protein; 
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b) contacting, in the presence of the compound, surviving cells from step (a) with an 
agent that induces apoptosis; and 

(c) comparing the level of apoptosis in the cells in the presence of the compound with 
the level of apoptosis in the cells in the absence of the compound; 

wherein the compound is a potentially useful drug for treating mammals when the level of 
apoptosis in the cells in the presence of the compound is less than the level of apoptosis in the 
cells in the absence of the compound. 

15. The method of claim 14, wherein the apoptotic agent is a neurotoxin. 

16. The method of claim 15, wherein the neurotoxin is glutamate, quinolinic acid, kainic 
acid. 

17. The method of claim 14, wherein step (b) is performed by transfecting the surviving 
neuronal cells with nucleic acid encoding a mutated form of huntingtin or amyloid precursor 
protein. 

18. The method of claim 14, wherein the neuronal cells are HN33 cells. 

1 9. A method for assessing a compound's ability to inhibit MLK activity, comprising: 

a) contacting a compound with a MLK protein and a substrate therefore, wherein the 
MLK protein is selected from the group consisting of MLK 1, MLK2, MLK3, DLK, LZK, and 
combinations thereof; 

b) measuring the level of MLK activity, wherein the MLK activity is selected from 
the group consisting of kinase activity and an ability to bind a SEK1 protein; and 

c) comparing the level of MLK activity in the presence of the compound with the 
level of MLK activity in the absence of the compound, wherein a decrease in MLK activity in 
the presence of the compound is indicative that the compound has an ability to inhibit MLK 
activity. 
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45: A method for assessing the ability of a compound to inhibit MLK activity and to prevent 
neuronal cell death, comprising the steps of: 

a) contacting a compound with a MLK protein and a substrate therefore, wherein the 
MLK protein is selected from the group consisting of MLK 1, MLK2, MLK3, and combinations 
thereof; 

b) measuring the level of MLK activity, wherein the MLK activity is selected from 
the group consisting of an enzymatic activity, an ability to bind a SEK1 protein, and an ability to 
phosphorylate a SEK1 protein; 

c) comparing the level of MLK activity in the presence of the compound with the 
level of MLK activity in the absence of the compound, wherein a decrease in MLK activity in 
the presence of the compound is indicative that the compound has an ability to inhibit MLK 
activity; 

d) contacting the compound having an ability to inhibit MLK activity with cultured 
neuronal cells having activated MLK activity, wherein the activated MLK activity is selected 
from the group consisting of an enzymatic activity, an ability to bind a SEK1 protein, and an 
ability to phosphorylate a SEK1 protein; and 

e) comparing the occurrence of apoptosis in the cultured neuronal cells in the 
presence of the compound with the occurrence of apoptosis in the cultured neuronal cells in the 
absence of the compound; 

wherein the compound having an ability to inhibit MLK activity has the ability to prevent 
neuronal cell death when the occurrence of apoptosis in the cultured neuronal cells in the 
presence of the compound is less than the occurrence of apoptosis in the cultured neuronal cells 
in the absence of the compound. 
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Appellants hereby authorize the Commissioner, to withdraw the $320.00 fee for filing 
this appeal brief, and for the $1,440 four month extension of time fees, for a total in the amount 
of $1,760.00, from Appellant's Deposit Account No. 18-1945. If there are any other fees not 
accounted for above, Appellants hereby authorize the Commissioner to charge the fee to Deposit 
Account 18-1945. 



Respectfully submitted, 
ROPES & GRAY 



Date: July 16, 2002 Cj JUL^ $ ^ 



William G. Gosz 
Reg. No. 27,787 

Attorney for A nn ellants 
Patent Group 
Ropes & Gray 
One International Place 
Boston, MA 021 10 
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.Exhibit 1 



The Journal of Biological Chemistry 

O 1997 by The American Society for Biochemistry and Molecular Biology. Inc. 



Vol. 272. No. 45. Issue of November 7, pp. 28622-28629. 1997 

Printed in USA. 



Molecular Cloning and Functional Expression of a cDNA Encoding a 
New Member of Mixed Lineage Protein Kinase from Human Brain* 



(Received for publication, March 4, 1997, and in revised form, August 24, 1997) 



Hiroyuki Sakumaf, Atsushi Ikedat, Shogo Okai, Yasunori Kozutsumit, Jean-Pierre Zanetta§, 
and Toshisuke KawasakitH 

From the %Department of Biological Chemistry, Faculty of Pharmaceutical Sciences, Kyoto University, 
Sakyo-ku, Kyoto 606, Japan and §Laboratoire de Chimie Biologique Batiment C-9, Universite des Sciences 
et Technologies de Lille, 59655 Villeneuve d'Ascq Cedex, France 



We have cloned a novel protein kinase from human 
cerebellum and named it LZK (leucine zipper-bearing 
kinase). The LZK cDNA encoded a 966-amino acid 
polypeptide that contains a kinase catalytic domain and 
double leucine/isoleucine zippers separated by a short 
spacer region. The amino acid sequence of the kinase 
catalytic domain was a hybrid between those in serine/ 
threonine and tyrosine protein kinases, indicating that 
LZK belongs to the subfamily of the mixed lineage ki- 
nase (MLK) family. The kinase catalytic domain of LZK 
was most similar to DLK (Holtzman, L. B., Merritt, S.E., 
and Fan, G. (1994) J. BioL Chem. 269, 30808-30817), MUK 
(Hirai, S., Izawa, M., Osada, S., Spyrou, G., and Ohno, S. 
(1996) Oncogene 12, 641-650), and ZPK (Reddy, U. R., and 
Presure, D. (1994) Biochenu Biophys. Res. Commun. 202, 
613-620), which belong to the same subfamily of the 
MLK famil**. Hcv/cvcr, besides the kinase catalytic do- 
main and double leucine/isoleucine zippers, there was 
no significant homology with known proteins. The re- 
combinant LZK autophosphorylated in the presence of 
ATP and divalent cations, and exhibited serine/threo- 
nine kinase catalytic activity. Northern blot analysis 
revealed that LZK is expressed most strongly in the 
pancreas, with a pattern that differs from other MLKs. 
Expression of LZK in COS7 cells induced phosphoryla- 
tion of c-Jun and activation of JNK-1, indicating the 
association of LZK in the c-Jun ami no- terminal kinase/ 
stress-activated protein kinase pathway. The expressed 
LZK was detected primarily in the membrane fraction, 
suggesting that LZK interacts with other cellular com- 
ponents in vivo. 



Protein kinases play critical roles in the regulation of many 
cellular processes (1), such as the transmission of signals from 
growth factor (2, 3) t control of cell growth and division (4), 
regulation of cytoskeletal changes (5), gene expression and 
differentiation (6), translation (7), and metabolism (1). The 
protein kinases can be divided into two groups based on their 
sequence similarities and their specificity for the acceptor 
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amino acid (1, 8, 9). Most protein kinases phosphorylate either 
serine/threonine or tyrosine, although protein kinases that 
modify histidine have been found. However, a small number of 
dual-specificity kinases can phosphorylate both serine/threo- 
nine and tyrosine residues (10), although they are structurally 
related to the serine/threonine-specific group. Protein kinases 
can also be grouped as receptor protein kinases and non-recep- 
tor protein kinases. Receptor protein kinases have an intracel- 
lular catalytic domain, transmembrane region, and extracellu- 
lar ligand-binding domain. Protein kinases share, besides the 
protein kinase catalytic domain, some structural features re- 
flecting their particular roles in protein-protein interactions. 
For example, the SH3 1 domains are found not only in tyrosine 
kinases and serine/threonine kinases but also in receptor-type 
and non-receptor protein kinases (11, 12). The leucine/isoleu- 
cine zipper sequence is found in some protein kinases (13). 
Recently, many new closely related intracellular kinases have 
been identified. One of these groups, mixed lineage kinases 
(MLKs), contains a unique double leucine/isoleucine zipper 
(14). MLK has a characteristic kinase catalytic domain with a 
sequence hybrid between those in serine/threonine and tyro- 
sine protein kinases. These kinases include MLK1 (15), MLK2 
(16, 17), MLK3/SPKK/PTK1 (18-20), and DLK/ZPK/MUK (21- 
23). Of these, DLK/ZPK/MUK are considered a secondary sub- 
family of MLK because of their characteristic sequences. How- 
ever, little is known about the overall biochemical features and 
functional roles of MLKs. 

We examined the cloning, expression, and preliminary char- 
acteristics of the novel intracellular protein kinase. The LZK 
cDNA encoded a protein with an apparent molecular mass of 
135-150 kDa on reducing SDS-PAGE. Sequence analysis re- 
vealed that LZK belongs to the MLK family, containing the 
kinase catalytic domain and leucine/isoleucine zippers. How- 
ever, LZK had no other strong homologies with any known 
proteins. The recombinant LZK protein exhibited serine/thre- 
onine protein kinase activities in vitro. Expression of LZK in 
COS7 cells induced phosphorylation of c-Jun and activation of 
JNK-1, suggesting the association of LZK in the JNK/SAPK 
pathway. 

EXPERIMENTAL PROCEDURES 

cDNA Library Screening and Sequence Determination of LZK— A 
826-bp rat cDNA clone with unknown functions, which had been iso- 



1 The abbreviations used are: SH, Src homology domain; MLK, 
mixed-lineage kinase; MAPKKK, xnitogen-activated protein kinase ki- 
nase kinase; JNK, c-Jun amino- terminal kinase; SAPK, stress-acti- 
vated protein kinase; JNKK, JNK kinase; PAGE, polyacrylamide gel 
electrophoresis; TBS, Tris-buffered saline; PVDF, polyvinylidene diflu- 
oride; bp, base paints); kb, kilobase pain's); MEKK, MAPK/ERK kinase 
kinase; LZK, leucine zipper-bearing kinase; MUK, MAPK-upstream 
kinase; DLK, dual leucine zipper-bearing kinase; ZPK, leucine zipper 
protein kinase. 
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lated by screening of theAZAP rat brain cDNA library with an antibody 
* raised against a soluble fraction of rat brain, was labeled with 
[a- 33 P)dCTP by a random primer DNA labeling kit (TaKaRa), and the 
radiolabeled cDNA was used as a probe to screen approximately 5x10* 
plaques of a human cerebellum cDNA library (CLONTECH). Hybrid- 
ization was carried out in the buffer consisting of 50% formamide, 5 X 
SSC, 50 mM phosphate buffer, pH 7.0, 0.5% skim milk, 0.1% SDS, and 
100 fig/ml yeast RNA at 42 °C. Filters were washed at 65 °C in 2 x SSC 
containing 0.1% SDS and in 0.2 x SSC containing 0.1% SDS sequen- 
tially. Three unique clones were isolated and restriction mapped. The 
longest clone was subcloned into the plasmid vector Bluescript SK, 
sequenced along both strands over the entire length using a Taq 
DyeDeoxy terminator cycle sequence kit and an ABI 3 73 A DNA Se- 
quencer (Applied Biosystems). 

Analysis of LZK Transcript Expression— Multiple human tissue 
Northern blot (CLONTECH) was hybridized to radiolabeled human 
LZK cDNA fragment (corresponding to nucleotides 1895-3174), which 
had been amplified by polymerase chain reaction and then labeled with 
[a- 32 P]dCTP by a random primer method. Hybridization was performed 
as described above for cDNA screening. The filter was finally washed at 
65 °C in 0.1 X SSC and 0.1% SDS, and analyzed by BAS 2000 image 
analyzer. To ensure the integrity and the quantity of RNA per lane, the 
blot was rehybridized to radiolabeled 0-actin cDNA. 

Construction of Epitope- tagged LZK— The cDNA fragment encoding 
the LZK open reading frame was engineered with Xba\ restriction sites, 
and the product was amplified by long and accurate (LA)-polymerase 
chain reaction (oligonucleotides: 5'-GCTCTAGAATGGCCAACTT- 
TCAGGAGCACCTGAGCTGCTCCT-3'; 5'-GCTCTAGATCATTACCA- 
GGTAGCAGAGCTGTAGTGTTTATTGGT-3 ' ). The digested fragment 
and a double-strand oligonucleotide linker (oligonucleotides: 5'- AGCT- 
TCCACCATGAGAGGATCGCACCACCATCATCACCACT-3'; 5'-CTA- 
GAGTGGTGATGATGGTGGTGCG ATCCTCTCATGGTGGA-3 ') were 
inserted into the cytomegalovirus promotor-based eukaryotic expres- 
sion vector pCDM8, which had been double-digested with HindUl and 
Xbal. The linker presented above was engineered with HindUl (5') and 
Xbal (3') restriction sites, and contained the typical Kozak's consensus 
sequence and coding sequence for the "MRGSHiSe" epitope (Met-Arg- 
Gly-Ser-His 6 ). The MRGSHis 6 tag was inserted into the amino termi- 
nus of the LZK coding sequence. The construct was sequenced to con- 
firm Taq polymerase fidelity and maintenance of the appropriate 
reading frame. 

Expression of the LZK Constructs— COS! cells were cultured in Dul- 
becco's modified Eagle's medium supplemented with 10% fetal calf 
serum and kanamycin. Cells (2 x 10 s ) plated onto a 10-cm tissue 
culture dish were grown overnight and transiently transfected with 10 
p.g of the eukaryotic expression plasmid using Li po feet AMINE™ (Life 
Technologies, Inc.) according to the manufacturer's protocol. After 48 h, 
cells were washed twice in ice-cold phosphate-buffered saline and then 
lysed by adding 1 ml of lysis buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, 
1.5 mM MgCl 2 , 1 mM EGTA, 10% glycerol, 0.2% Triton X-100, and 
protease inhibitors). The lysate was sonicated on ice and then centri- 
. fuged for 20 min at 105,000 X g at 4 °C. 

For immunoprecipitation, 2 jig of anti-MRGSHis 6 antibody (QIA- 
GEN) and 40 ti\ of anti-mouse IgG-Sepharose (Sigma) (50% v/v) were 
added to the supernatant of the cell lysate, and the mixture was incu- 
bated at 4 *C overnight. Beads were washed five times in HNTG buffer 
(20 mM Hepes, pH 7.5, 150 mM NaCl, 0.1% Triton X-100, and 10% 
glycerol). For cell fractionation study, the cells were homogenized in the 
lysis buffer without Triton X-100, and the homogenate was centrifuged 
as above. 

For immunoblot analysis, 20 /il of cell lysate or the immunoprecipi- 
tates were separated under reducing conditions on a 7% SDS-polyacryl- 
amide gel according to Laemmli (24). Proteins were electrically trans- 
ferred onto nitrocellulose membranes, blocked for 2 h in Tris-buffered 
saline (TBS, pH 7.5) containing 3% nonfat dry milk, followed by incu- 
bation with the MRGSHis 6 antibody or the rabbit anti-LZK immune 
serum diluted 1:2000 in TBS containing 3% nonfat dry milk and 0.05% 
Tween 20, and then probed with appropriate horseradish peroxidase- 
conjugated second antibodies. Blots were developed using the chemilu- 
minescent reagent (Pierce) and subjected to autoradiography. 

Detection of Kinase Activity in Vitro— Immunoprecipitated MRG- 
SHis 6 -LZK protein was washed four times with kinase assay buffer (25 
mM Hepes, pH 7.2, 10% glycerol, 100 mM NaCl, 10 mM MgCl 2 , 5 mM 
MnCl 2 , 0.1 mM sodium orthovanadate, and protease inhibitors). Immu- 
noprecipitates were incubated in 50 /il of kinase buffer containing 30 /iM 
ATP and 50 jiCi of [y- 32 P)ATP (3000 Ci/mmol, Amersham) for 30 min at 
30 °C, then resolved by SDS-polyacrylamide gel electrophoresis. Pro- 
teins were transferred onto PVDF membrane and then analyzed using 



a BAS 2000 image analyzer. 

Phosphoamino Acid Analysis— Phosphoamino acid analysis was car- 
ried out as described by Zheng and Guan (25). Following the in vitro 
kinase assay, the radioactive band of 135-150 kDa was excised from the 
PVDF membrane. The strip was incubated in 1 ml of 6 M HC1 at 105 °C 
for 2 h. After removing of the strip, the sample was dried in a SpeedVac, 
then washed and dried twice in 1 ml of H^O. The resulting amino acids 
were separated on a cellulose plate by one-dimensional electrophoresis. 
Phosphoamino acid standards were visualized by ninhydrin staining, 
and radioactivity was detected by a BAS 2000 image analyzer. 

Immunoblot Analysis of c-Jun— Cells (2 x 10 6 ) were transiently 
transfected with the expression vector harboring epitope-tagged LZK. 
After 48 h, cells were washed with ice-cold phosphate-buffered saline 
three times and then lysed in situ with 1 ml of Laemmli sample buffer. 
For control experiment, cells were stimulated by UV radiation (100 
J/m 2 ). After 1 h, they were used for the experiment. Cell lysate (20 u\) 
was subjected to SDS-PAGE, and separated proteins were transferred 
on to the nitrocellulose membrane. The membrane was blocked by 
soaking in TBS containing 3% nonfat dry milk, incubated with diluted 
anti-c-Jun antibodies (0.1 ugfmX in TBS containing 3% nonfat dry milk 
and 0.05% Tween 20), and subsequently with appropriately diluted 
horseradish peroxidase-conjugated secondary antibodies. The resulting 
membrane was developed using the chemiluminescent reagent and 
subjected to autoradiography. 

Detection of the JNK1 Activities— Cells (2 x 10 6 ) were transiently 
transfected with the expression vector harboring epitope-tagged LZK. 
After 48 h, cells were washed three times with ice-cold phosphate- 
buffered saline and lysed with 1 ml of lysis buffer (50 mM Hepes, pH 7.5, 
150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 1% Triton X-100, 1 mM 
sodium orthovanadate, 50 mM NaF, 20 mM ^-glycerophosphate, 1 mM 
phenylmethylsulfonyl fluoride, 10 jtg/ml leupeptin, 2 jig/ml aprotinin, 
and 2 ^g/ml pepstatin). After removal of insoluble materials by ultra- 
centrifugation, 2 fig of anti-JNKl antibody (Santa Cruz Biotechnology) 
and 200 ^1 of protein G-Sepharose (Sigma) (10% v/v) were added to the 
supernatant of the cell lysate, and the mixture was incubated at 4 °C 
overnight. Beads were washed four times in buffer consisting of 50 nwi 
Hepes, pH 7.5, 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 0.1% Triton 
X-100, 1 mM sodium orthovanadate, 50 mM NaF, 20 mM 0-glycerophbs- 
phate, 1 nui phenylmethylsulfonyl fluoride, 10 figfal leupeptin, 2 fig/ml 
aprotinin and 2 fig/ml pepstatin, and subsequently washed four times 
in buffer consisting of 20 mM Hepes, pH 7.5, 15 mM MgCl 2 , 15 mM 
^-glycerophosphate, 0.1 mM sodium orthovanadate, and 2 mM DTT. The 
immunoprecipitates were incubated for 30 min at 30 °C in 30 p\ of the 
same buffer containing 25 mm ATP, 10 jiCi of {y- 32 P]ATP (3000 Ci/mmol, 
Amersham), and 2.5 jig of glutathione S-transferase-csJun. Reactions 
were terminated by addition of the Laemmli sample buffer. The sam- 
ples were boiled, resolved by SDS-PAGE, and then analyzed by using a 
BAS 2000 image analyzer. 

RESULTS 

Isolation of a LZK cDNA and Its Deduced Amino Acid Se- 
quence—A 826-bp rat cDNA fragment with unknown function 
was used as a probe to screen a human cerebellum cDNA 
library. Three independent clones were isolated, and their in- 
serts were sequenced. The nucleotide sequence of the longest 
insert is shown in Fig. 1. The cDNA extends over 3450 nucle- 
otide bases and contains 272 bp of 5 '-untranslated nucleotides, 
a continuous open reading frame of 2898 bp, and 399 bp of 
3'-untranslated nucleotides. The putative initiation codon was 
assigned at nucleotide 273. This methionine codon is located 
within a sequence context favorable for the Kozak's rule and is 
preceded by an in-frame stop codon beginning at base 234. 
Within the 3'-untranslated region, putative polyadenylation 
signals are found at 3318 bp (AATAA), at 3354 bp (AATAA), at 
3370 bp (AATTAA), and at 3517 bp (AATAA) upstream from 
the poly(A) tract. The longest open reading frame of the cDNA 
encodes a putative polypeptide of 966 amino acids, with a 
calculated molecular mass of 108 kDa. Hydrophobicity analysis 
revealed that the protein contains no obvious signal sequence 
or transmembrane domain (data not shown). Comparison of the 
sequence with other known proteins revealed that the protein 
can be divided into several structural domains: a kinase cata- 
lytic domain, a double leucine/isoleucine zipper separated by a 
short spacer region, and an acidic domain at its carboxyl- 
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1 JUmTACXTCCATTCATS^TCTt^ H» ' ll» 1 UJU ' lU^ A'IlXXXt. IIXLL'! '! U ATTTTTC CAAT rCTCCAAO C CTTT 

121 ' TAAAATICfcCCTTACVICrnTC*^^ 

241 cATcrouxacTrKXTm^ i ca ctc i ^accxaaxccttcaxtcgactacaacats 

1 MXNFQEHLSCSSSPHLPFSESKTPNCLOO E 

361 AOTCACAGCTATO^ 

31 LTAMCKHPSPKLLEDOQEXCMVRTE LIESVHSPVTTTVLT 

71 iFv S EDSROQFENSVLQLREHOESETAVSQCNSNTVOCEST 

601 CW«JOQGAACTGAJtf2ACAT>AAGATTCA^ 

111 SCTEDIKIQFSRSCSCSCCFLECLFCCLRPVWNIIGKAYS 

721 CCACTOTTACAAATICCACCACCAAGATACTICOC^^ 

151 TDYKLQ QQDTWEVPF E E^ I SELQWLCSGAQCAVFLCKFRAE. 

641 AACAGCTOCCATCAACAAACTC»GAGAACAGAAT^^ 

191 EVA1KKVREQNETDIKHLRKLKHPNIIAFKCVCTQAPCYC 

961 CTXTTATCATra^TACnTraXX* 

231 IIMEYCAHCQLYEVLRACRKITPRLLVDWSTGIASGMNYL 

1081 TCCACCTCCATAAAATTXTTCJkTXIXrTX^TCTCA^ 

271 HLHKI I HROLKSPNVLVTHTDAVKISDFGTSKELSO KSTK 

1201 AGATGTCA r noxr;ua>a3CTOcc^^ 

311 MSFAGTVAWHAPEVIRNEPVSEXVOIWSFGVVLWELLTCE 

1321 AGATCCCTTACAAAGATCTT^TTCTTCJ^CCATT^ 

351 IPYKDVOSSA. IIHGVCSNSLHLPVPSTCPDCFXILMKQTW 

1441 GGeAGACTTUU^CCTCaU^ 

391 QSKPRNRPSFRQTLMHLDIAS A 0 V LATPQETYFXSQAEWR 

1561 GAGAAGAAGTCAAAAAACATTITGAGAAGATOJUU^ 

431 ee©xxhfek®xsectc(i)hrldee®irrrreelrhaldire 

1681 AACACTATGAGCGGAAGCTIGAGa^OGAATAATr^ 

471 hyerxlerannlyme©saimlq©emrexe©ixreqa@exx 

1801 A<raTCOC<raCCraCAAAO^ 

511 ypctyxrhpvrpiihpn amexlmxrxgvphxsgmqtxrpd 



i9ii Aiw i i\# i iv^Ga i i »„^k.\_AcvJvCA«SA^o i v-^^x- lw w»iv^v * * * >_w^»AAm ^ -„^„«o*.we»ou 

SSI LLRSECIPTTEVAPTASPLSCSPKMSTSSSXSRYRSXPRH 

2041 ACCCXOGACGCAATAGCAGAGCatfSCCATAGTGACTITC 
591 RRGNS R G SHS 0 FAA I LXNQPAQENS PH PTY L HQA.QS QY PS 

2161 CTCTTCATOCX>7^riXriCTCCA^ 
631 LHHHNSLQQQYQQPPPAMSQSHHPRL NMHGQDIATCANNL 

2281 TCAGGTMTTiaTSCCCAGCAGCAGCCCTGCGGAG 
671 RYFGPAAALRS P LSNHAQRQLPGSSPDLISTAMAADCWRS 

2401 GTTCICAOCCTCACAAgyXaU ^ ^ ^ " 
7U SEPDXGQACPWCCCQAOAYDPCLQCRPEQYGSLDIPSAEP 

2521 CAGTCCOCACCACCCCICACCTrreCAA H i ICC AAAAOCCOCACACTICIt^GAAAACOGAAGAAA^ 

751 VGRSPDLSXSPAHNPLLEHAQSSEXTEENEFSG CRSESSL 

2641 rrrrj~irrrc^kTC^jYhcrcr~T^^ 
791 CTSH LG TP PAL P RXTR PLQXSGDD ISSEEEECE VOSEVEI F P 

2761 CACSAACACAGAGGCCCC&TCCCTCTAT 
831 RRQRPHRCISS CQSYS TFSSE^PSVSOCEECNTSDHSNSP 

2881 CTSATGAGTrAGCTCATXAACTTGAAGAC l^^ 
871 DELADK LEDRLAEXLDOLLSQTPEIPI DI SSHSDGLSDXE 

3001 A GJt;iUXWlUJt;CUyil TC*A(aCTCAC ^ ^ 
911 CAVRRVXTQMSI#GXt*CVEERGYENPMQFEESDCDSSDCEC 

3121 CTICTGATCCCACAGTOGCACCAATAAACACT^CAGC^^ 
951 SDATVRTNXHYSSATH 

3241 TCfrTCCCACll-liaUXAG^^ 

33 61 TCCAAATC AJUlTTAAG TCTaiCTGAACA^ 

3431 ACIGCAAAGAGTCAACIATAIATCACATAGAGAGACA^ 

Fio. 1. The nucleotide and deduced amino acid sequences of human LZK cDNA. Nucleotide and amino acid numbers are indicated at 
the left-hand side of each lane. An asterisk (*) denotes the position of the in-frame stop codon located upstream of putative initiation methionine. 
Putative locations for the polyadenylation signal sequence are underlined. Arrows denote boundaries of the kinase catalytic domain. Hydrophobic 
residues occupying the d positions in putative leucine/isoleucine zipper domains are circled. The completely conserved amino and sequence 
(SSEEEEGEVDSEVE) commonly found in carboxyl-terminal domain of LZK and ZPK/DLK/MUK is boxed. 

terminal end (Fig. 2). Because of this characteristic amino acid and tyrosine kinases. Thus, Trp^-Glu 345 and Pro^-Tyr 353 in 
sequence, the novel protein was designated as H-LZK (human subdomain DC and Trp 319 (GTVAWMAPE) in subdomain VIII 
leucine zipper-bearing kinase). are characteristic for tyrosine kinases. However, Lys 

The kinase catalytic domain extends 249 amino acids from (HRDLKSPN) in subdomain VIb and Thr 316 (GTVAWMAPE) 
amino acids 166 through 414 (Fig. 3). All 11 subdomains (8), in subdomain VIII are strong indicators of serine/threonine 
which are typical and common motifs in protein kinases, were specificity, and Trp 319 -Met 320 (GTVAWMAPE) is often found in 
conserved in the LZK kinase catalytic domain. This kinase Raf family proteins (8). 

catalytic domain had both features of serine/threonine kinases Following the kinase catalytic domain, LZK contained two 
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FlG. 2. Schematic representation of human LZK primary 
structure. The numbers above the diagram represent amino acid res- 
idue number and delineate boundaries of indicated domains (motifs). 
The kinase domain (stippled box), leucineAsoleucine zipper domains 
(striped box), and the SSEEEEGEVDSEVE sequence (slash) are shown. 
Between two leurine/isoleucine zippers, there is a spacer region. 

heptad repeats of nonaromatic hydrophobic amino acids sepa- 
rated by a 25-amino acid spacer. By Chou and Fasman analysis 
.(32), this amino acid sequence formed an a-helix structure, 
indicating that these regions of LZK are composed of two 
leucineAsoleucine zipper motifs (Figs. 2 and 3), which may 
promote homo- or heterodimerization of proteins through hy- 
drophobic interactions. As shown in Fig. 4, hydrophobic resi- 
dues are conserved at the d position in zipper 1 and 2, forming 
a hydrophobic stripe on the face of the helix. Except for the d 
position, these regions are comparatively rich in charged amino 
acids. In particular, position b (EETE) and position /"(KSRR) in 
zipper 1, and position g (IRRK) in position 2 were primarily 
composed of negatively or positively charged amino acids, sug- 
gesting that they are involved in intra- or intermolecular elec- 
trostatic interactions (33, 34). 

The regions containing the kinase catalytic domain and 
leucine zioDer domain of this protein have SSA% and SS.4% 
identity, respectively, to previously reported proteins DLK 
(dual leucine zipper-bearing kinase) (21) and ZPK (leucine 
zipper protein Jdnase) (22) (see Fig. 3). In addition, the se- 
quence of this region was homologous to MLK1 (15), MLK2 (16, 
17), and MLK3 (18-20) by 40.2%, 40.4%, and 39.5%, respec- 
tively (Figs. 3 and 5), suggesting that LZK, together with 
DLK/ZPK, belongs to the MLK (mixed lineage kinase) family, 
although no strong similarity was found outside this region. 
However, in contrast to the other of MLKs, which have a SH3 
domain at their amino-terminal ends, LZK (as well as DLK/ 
ZPK) did not contain such a structure (Fig. 5). In addition, LZK 
and DLK/ZPK have a single invariant Glu at 7 amino acid 
residues downstream from the invariant Lys in subdomain II, 
but this is not the case with ordinary MLKs. This Glu residue 
is believed to play an important role in stabilizing ATP in the 
ATP-binding site from the crystallographic study (35). These 
results suggest that LZK, together with DLK and ZPK, belongs 
to the secondary subgroup of MLK. In addition, LZK and DLK/ 
ZPK share a unique sequence, Ser-Ser-Glu-Glu-Glu-Glu-Gly- 
Glu-Val-Asp-Ser-Glu-Val-Glu (Ser^-Glu 828 in LZK) (Figs. 5 
and 6). However, the glycine/proline-rich region present in 
DLK/ZPK at the carboxyl- and amino-terminal ends was not 
detected in LZK (Fig. 5). It should be noted that the sequence of 
the LZK kinase catalytic domain is 94.6% identical with that of 
a partial putative serine/threonine protein kinase (36), imply- 
ing that these proteins are identical or closely related (Fig. 3). 

Tissue Distribution of LZK mRNA— Expression of LZK 
mRNA was examined by Northern blotting mRNA from several 
human tissues. The probe used for this analysis was corre- 
sponded to nucleotides 1895-3174 (See Fig. 1). Three bands at 
about >9.5 f 8.7, and 6.5 kb were found with pancreas mRNA at 
the highest level. These bands were also markedly detected in 
the brain, liver, and placenta, and no positive signal was de- 
tected in the heart, lung, skeletal muscle or kidney (Fig. 7A). 
The expression levels of these three transcripts varied among 
the tissues. The 8.7-kb band was detected only in mRNA from 



pancreas. Similarly, the >9.5-kb band was detected only with 
pancreas and brain. After initial probing with LZK cDNA, the 
blot was rehybridized with 0-actin cDNA to confirm the integ- 
rity of the RNA from different tissues (Fig. IB). 

Expression ofLZKcDNA in COS 7 Cells and in Vitro Phos- 
phorylation of the Recombinant LZK— To facilitate the detec- 
tion and immunoprecipitation of the LZK, MRGSHis 6 epitope 
was incorporated at the amino terminus of LZK (see "Experi- 
mental Procedures"). The epitope-tagged full-length LZK 
cDNA was incorporated into the eukaryotic expression vector 
pCDM8, and the resulting plasmid was transfected into COS 7 
cells. Upon immunoblot analysis of LZK transfectants follow- 
ing the SDS-PAGE under reducing conditions, a protein with a 
molecular mass of 135-150 kDa, which is in good agreement 
with the predicted mass of the epitope-tagged LZK, was de- 
tected, while no band was detected for the non-transfectant 
(Fig. 8A). In addition, a protein of 135-150 kDa was specifically 
immunoprecipitated with a MRGSHis 6 antibody from the ly- 
sate of the transfectant (data not shown). 

To study the subcellular localization of LZK, COS7 cells 
expressing LZK were homogenized in the absence of detergent. 
The homogenate was fractionated into the soluble and the 
membrane fractions, and the respective fractions were sub- 
jected to SDS-PAGE and followed by immunoblot analysis. 
Strong immunoreactive bands were detected in the membrane 
fraction, while only weak bands were found in the soluble 
fraction (Fig. SB), suggesting that LZK protein binds to some 
membrane components probably through interaction with 
some other cellular components such as lipid and/or anchor 
protein. 

To confirm that LZK is an active protein kinase, MRGSHis 6 
antibody immunoprecipitates of the LZK transfectants were 
incubated with [y- 32 P]ATP in the presence of Mn 2+ , Mg 2 *, and 
Na 3 V0 4 (protein-tyrosine phosphatase inhibitor), and then the 
proteins were separated by SDS-PAGE under reducing condi- 
tions followed by transfer onto PVDF membranes. Upon auto- 
radiography, immunoprecipitates from the transfectants re- 
vealed radioactive bands of 135-150 and 50 kDa, but no 
detectable bands in non-transfectants (Fig. 9B). The radioac- 
tive band of 50 kDa comigrated with the band of heavy chain of 
IgG, indicating that LZK not only autophosphorylated itself 
but also phosphorylated heavy chain of IgG. 

The radioactive 135-150-kDa band of LZK from the in vitro 
kinase assay was excised and subjected to partial acid hydrol- 
ysis. The resulting materials were separated by one-dimen- 
sional electrophoresis on a cellulose plate (25). Analysis by 
autoradiography and comparison to ninhydrin-stained phos- 
phoamino acid standards revealed only phosphoserine and 
phosphothreonine (Fig. 9C), indicating that LZK has a serine/ 
threonine kinase activity. However, the present experiment 
cannot completely exclude the possibility that LZK has a tyro- 
sine kinase activity. 

Activation of JNK Pathway by LZK— Recent studies show 
that some MLKs activate JNK pathway (23, 26, 27). JNK 
pathway is believed to be predominantly activated by cellular 
stresses such as UV radiation, inflammatory cytokines, and 
osmotic shock (28, 29), which results in the activation of tran- 
scriptional factors such as c-Jun and ATF2 (30, 31). Because 
the amino acid sequence of LZK showed high homology to 
DLK/MUK, which were known to activate JNK pathway, we 
tested whether or not LZK activates the phosphorylation of 
c-Jun. COS7 cells were transiently transfected with the expres- 
sion vector harboring an epitope-tagged LZK, after which the 
mobility delay of endogenous c-Jun was monitored by immu- 
noblot analysis with anti-c-Jun antibodies. As shown in Fig. 10, 
expression of LZK induced the mobility delay of c-Jun as much 
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x xi hi iv 

LZX 165 rziZ5XLQWL0SGAQGAVn>0X7IUZZVM)aC>nUCQKtTD XKXLRXLKHPMXX 



ZPX 122 LD. . . V R.KQ....V. ...DLX... 

DLX 135 ....LD...V R.HO....V DLX. 

MVX 133 LD.-.MV HO V. . .XDLX. 



KLX1 1 X.LTLXRII.I. .F.X.YRXPVICD. . .V.XX.KDPDX. ISQTIXHVROZX.LFXK. . . 

KLX3 93 .H.LQLKX.V. .7.X.YRXLMR0. . . . V.XX.LDP.X.PX^XZOVCOZXRLPCX.Q. 

KLX3 114 . Q . LXLXXVX . X . .7.X.YR.SWR0.L. .V.XA.QDPDX.ISVTXXSVROXXRLPXM.X. 



V VI 4 

LZX 211 AnCCVCrQAKYCinaYCAHOQLYXVO.^ 

H*PX37 1 YLY I 

IPX 173 T F..Q PV X...Q 

DLX 201 T L..P..Q PV. .S M...0 — 

HOX 209 T L..P..Q 9V..S K. * .C 

KLX1 64 .LR.. .XA.KL.LV..PXM.P.MR. .-S.XR.P.DX..M.XVQ..R. DSXIVp 

KLX2 13* ..LR.X.LXP.KL.LV. ..XRC.X.SR. .RVP.HV. .H.XVOV.R HDXPV? 

XLX3 176 .LXX..LXX.KL.LV. ..XXC. P. SRX.-... RVP.HV.. K.XVQ..R.. H...CXX.VPV 



Fig. 3. Sequence alignment of ki- 
nase catalytic domains and leucine/ 
isoleucine zipper domains of the 
MLK protein kinase family. Alignment 
of the LZK catalytic domain and leucine 
zipper domains with those of putative 
protein kinase (partial), ZPK, DLK, 
MUK, MLK1 (partial), MLK2, and MLK3. 
Amino acids are numbered at the left. 
Amino acids identical with LZK are 



mains are numbered with Roman numer- 
als. Putative leucine/isoleucine zippers 
are indicated above the line, and the hy- 
drophobic amino acids located at the d 
position of each putative zipper are de- 
noted with a d. 



LZX 279 

H*PK37 32 

ZPX 236 

DLX 269 

MUX 369 

KLX1 127 

KLX2 222 

KLX3 241 



LZK 335 

KJPX37 106 

DLX 292 

ZPX 325 

XDX 325 

KLX1 190 

HLX2 215 

XLX3 304 



VIb 
DLXSPHVLV- 



VII VIII 

-TOTDXV-KisoPCTsxxi^DK^JWsrxcrrvxwKXprviRinipvsrxv 



.K.X .YD.V. 

.M.I .YD.V. 

.K.X — .YD.V. 



. S.I . XLQXVXKCDL5HXIL. .T. 
.X.X.XLXXXXtfHXLX.T.L. .T. 
.H.I.IXQPirSDDKXMCTL. .T. 



.LXR.-WHRT. . . .X XSKF.XCS 

.LXX.-WH.T X LSLP.XSS 

.LXR.-VH.T.Q. .X XXST7.XCS 



IX X XI 
DIWS7CVVLKELLTCEXPYXDVDSSXI XHC^CSHSLKLPVPSTCPDGFXXLKXQTWOSXPXNRP 
KV 

S LR.C.M 

S LR.C.N 

S LR.C.HR 

.V..Y..L V.PRCI.CLKVXY. .XH.X.X. . I EP.XX. .EDC.N7D.KS. . 

.V L V. .RXX.XL.VXY. .XM.K.T. . I ZP.XR.LXZC. DPD.KC. . 

.V L V. . RCI.CL.VXY. .XV.X.T. . X XP.XQ. .XDC.XQD.HR. . 



— ilpp«r 1 » 

LZK 399 Sr*QTUOCLr>-IA£JUDVLXTPQETra 

DLX 356 ....I.L...- S L L...S....M 

ZPX 319 I.L...- S L L...X M 

MUX 319 ....I.L...- S L L...X...VK 

HLX1 354 ,.T>U.l>Q.Tr.EXSCFPXM.XDSF>ICX.DN.XH.IQ^ 

MLX2 349 D.afI.XR.XV.XOSJO^gH.L.Sr>t«,.XO.XL.IQ>»<.DOIJmCXXILILfXI.. .L.XXQ.Q 

KLX3 36t D.X5I.O^.XXLIXQVIJUM.RPyy^SM.tC.XX.IQCIL.Dn.»XTaXPXSRZ^ .T.XX. .Q 

d d d d 



^ xlpp«x2 » 

LZX 462 LRKXLDIRXWYXRXLXRXmiLYKELSUKLQLDO^ 

ZPX 419 N.L LX.R..LR....L.RRC 

DLX 453 H.L LX.R. .LR. . . .L.RXC 

KOX 452 H.L LX.R. .LR. .. .L.RXC 

KLX1 31t X»2-- XXL. XRRXQS.XS. . IDILX. . LNIIIKQ 

KLX3 413 XPQ XTQ.RRRXQS.XX. .KDIVX. .LHLLKCQ 

KLX3 432 RSQ XSQ.RXRXHL.XQU.L.VPX. .LTLLLQQ 

d d d d 



as was observed with UV radiation. Because the mobility delay 
is caused by the phosphorylation of c-Jun, these results sug- 
gested that expressed LZK activates the endogenous JNK path- 
way (28). Then to confirm that the phosphorylation of c-Jun 
observed was really caused by activation of JNK, endogenous 
JNK1 was immunoprecipitated from the cell lysate and JNK1 
activity was determined by in vitro kinase assay using soluble 
glutathione S-transferase-c-Jun as substrate. As shown in Fig. 
11, expression of LZK elevated the JNK1 kinase activity. The 



extent of JNK1 activation by expression of LZK was compara- 
ble to that caused by UV radiation. These results taken to- 
gether indicated that LZK can effectively activate JNK 
pathway. 

DISCUSSION 

We examined the cDNA cloning, expression, and character- 
istics of a novel protein kinase, which is expressed in a spatially 
regulated fashion in adult human tissues. This protein kinase 
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Fig. 4. Helical wheel representa- 
tion of the leucine/isoleucine zippers 
of LZK. The residues of putative leucine/ 
isoleucine zippers of LZK were arrayed on 
a helical wheel. The spokes of the wheel 
show the relative positions of the amino 
acids in an o-helix, and the positions a-d 
correspond to the location of the amino 
acid residues. In an ideal a-helix, amino 
acid residues appear on one side of the 
helix in every two turns. In this model, 
conserved hydrophobic amino acids were 
located at the d position. 




Zipper 1 



Zipper 2 




! 39.5% 



JIL 



MLK3 



86.4% 



OLK/ZPK/MUK 



Fig. 5. Schematic representation of 
the structures of LZK and other 
MLKs. SH3 domains, glycine-rich re- 
gions, proline-rich regions, glycine/pro- 

line-rirVi rpcn'nn? Ifinac^ Hnmm'no ISUCIUS 

zippers, Rac/Cdc42 binding motifs, and 
SSEEEEGEVDSEVE sequences are 
shown. 



1^1 kinase domain glycine rich region 

jl leucine Zipper ^ proline rich region. 



j glycine/proline rich region 
) Rac/Cdc42 binding motif 



| SSEEEEGEVDSEVE 
sequence 

I SH3 domain 



h-lzk 80S trplqksgddsseeeegevdsevefprrqrphrciss DLK and ZPK, LZK had invariant Glu at the specific location 7 

* w ,v * „,„ M ***•**•*♦*•*•* ** amino acids downstream from invariant Lys in subdomain II. 

ZPK (human) 718 AVTRSQKRG IS SEEEEGEVDSEVELTSSQRWPQSLNM „ , „ A , . , . J r , . - 

************************* * * From crystallographic study and structure-function analysis of 

dlk (mouse) 735 avtrsqkrgi s seeeegevdsevelppsqrwpqg pnm other protein kinases, the invariant Glu in subdomain III and 

hok (rat) 741 avtrsqkrgisseeeegevdsevelppsqrwpqgpnm invariant Lys in subdomain II are believed to play an impor- 

FiG. 6. The amino acid sequence SSEEEEGEVDSEVE were ta ^ r °^ e V* sta ^ z " a 8 ^^_^-^^^"^^^ ng . S ^tl TT . - 
commonly conserved in the carboxyl-terminal domain of LZK ^ ammo acid sequence WMAPE in subdomain VIII is often 

and ZPK/DLK/MUK. Besides the regions of kinase catalytic domain found in Raf family protein kinases, suggesting that LZK has a 

and leucine/isoleucine zippers, LZK does not show strong similarity MAPKKK-related activity. It is interesting to note that Hirai et 

Ix^u^ 1 " P^tein kinases °^ ^® ^5^^™^j^ e * n . e text). However, aL (23 ) recently identified MUK, which corresponds to rat 

the short amino acid sequence SSEEEEGEVDSEVE is completely con- , . . „ nv « f tutati 

served in the carboxyl-terminal domain of LZK and DLK/ZPK. The ^mologue of DLK (mouse) and/or ZPK (human), as a MAP- 

amino acid numbers are indicated on the left side of the sequences. KKK-related protein kinase such as c-Raf and MAPK/ERK 

kinase kinase (MEKK) (37). They showed that MUK phospho- 

contains a kinase catalytic domain, followed by two leucine/ rylates and activates JNKK in vivo and in vitro. JNKK (38, 39) 

isoleucine zipper motifs, which are separated by a short spacer can be phosphorylated and activated by the MAPKKK-related 

region. We designated this protein kinase as LZK The LZK kinase, MEKK (40, 41), and acts on Jun kinases, resulting in 

cDNA encodes a protein with an apparent molecular mass of activation of c-Jun (29, 42). MUK-transfected cells induced 

135-150 kDa, and has serine/threonine kinase activity. hyperphosphorylation of c-Jun, suggesting that MUK can reg- 

LZK is most similar to DLK and ZPK DLK was identified by ulate the JNK/SAPK pathway in vivo. The induction of JNK 

Holzman (21) as a novel protein kinase with a unique kinase was also observed in a truncated MUK consisting of the kinase 

catalytic domain, the expression of which is regulated spatially catalytic domain and leucine/isoleucine zipper motifs, the 

and developmentally. ZPK is cloned and identified as a novel amino acid sequence of which was 86.4% identical to that of 

putative protein kinase, which is up-regulated in retinoic acid- LZK As might be expected from this high homology with MUK, 

treated NT2 cells (22). When the region containing the kinase LZK was in fact shown to induce phosphorylation of c-Jun and 

catalytic domain and the leucine/isoleucine zipper domain of activation of JNK1, indicating that LZK stimulates the JNK/ 

LZK was aligned to DLK and ZPK, homology was 86.4% and SAPK pathway. The extent of JNK1 activation by LZK expres- 

86.4%, respectively, with no insertion and/or deletion. Like sion was comparable to that caused by UV radiation. Consid- 
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1 2 3 4 5 6 7 8 



9.5- 
7.5- 



-6JS 



1 2 



1 2 



-UK 
-lfGH 



4.4- 



1A- 



1J5- 




B 

1.35- 



FlG. 7. Expression of LZK mRNA in adult human tissues. The 
Northern blot was purchased from CLONTECH. In each lane, 2 ^tg of 
pOi>"(A}* RNA frum human tissues were loaded. A, the bloi was hybrid- 
ized to a radiolabeled probe corresponding to LZK nucleotides 1895- 
3174. Lane J, heart; lane 2, brain; lane 3, placenta; lane 4 y lung; lane 5, 
liver, lane 6, skeletal muscle; lane 7, kidney; lane 8, pancreas. £, the 
blot was rehybridized with a radiolabeled actin probe to confirm the 
integrity of the RNA. 



1 2 



201kDa- 
134kDo- 

91kDa- 



B 

201kDa- 
I34kDa- 

91kDa- 



1 2 




Fig. 8. Expression and cellular localization of epitope-tagged 
LZK in COS7 cells. A, the MRGSHis 6 -tagged LZK was transiently 
transfected into C0S7 cells. Trans fee tan ts and non-transfectants were 
lysed in the presence of detergent (see "Experimental Procedures"), and 
the lysate was resolved by SDS-PAGE under reducing conditions, fol- 
lowed by immunoblot analysis with a MRGSHis 6 antibody. Lane 1, 
non-transfectant; lane 2 t transfectant. £, COS7 cells transiently trans- 
fected with epitope-tagged LZK were lysed in detergent-free lysis buffer 
(see "Experimental Procedures") and fractionated by ultracentrifuga- 
tion. The resulting supernatant (soluble fraction) and pellet (insoluble 
fraction) were resolved by SDS-PAGE under the reducing conditions, 
followed by immunoblot analysis with MRGSHis 6 antibody. The loaded 
materials in each lane corresponded to the equal numbers of the cells. 
Lane J, soluble fraction; lane 2, insoluble fraction. 



ering the efficiency and cytotoxicity of the transfection 
procedure, it seems reasonable to speculate that LZK directly 
phosphorylates and activates the main components of JNK 
pathway, such as JNKK and MEKK in vivo. 

When expressed in COS7, LZK was present in both cytosol 
and membrane fractions. Because LZK contains no obvious 



Fig. 9. Immunoprecipitation, autophosphorylation, and phos- 
phoamino acid analysis of LZK. A, expressed epitope-tagged LZK 
was immunoprecipitated from cell lysate as described under "Experi- 
mental Procedures." Immunoprecipitates were subjected to SDS-PAGE, 
followed by immunoblot analysis with MRGSHis 6 antibody. Lane 2, 
non-transfectant; lane 2, transfectant. B, immunoprecipitates were in- 
cubated in kinase assay buffer containing [y- 32 P)ATP and divalent 
cations, subjected to SDS-PAGE, transferred onto the PVDF mem- 
brane, and analyzed by BAS 2000. Lane l t immunoprecipitates from 
non-transfectant; lane 2, immunoprecipitates from LZK- trans fee ted 
cells. C, radioactive band of 130-140 kDa that corresponds to autophos- 
phorylated LZK was excised and subjected to partial acid hydrolysis. 
Resultant material was resolved by one-dimensional electrophoresis. 
pS, phosphoserine; pT t phosphothreonine; pY t phosphotyrosine; Pi, free 
phosphate. 

81kDa ► 



41kDa- 
32kDa- 



-c-Jun* 
-c-Jun 



12 3 



Fig. 10. Hyperphosphorylation of c-Jun by LZK. Cells were ly- 
sed with the Laemmli sample buffer and then subjected to SDS-PAGE 
under reducing conditions, followed by immunoblot analysis with anti- 
c-Jun antibodies. Lane l t control cells (non-transfectants); lane 2 t cells 
stimulated by UV radiation (100 J/m 2 ); lane 3, cells transfected with 
pCDM8-LZK 



signal sequence or transmembrane domain, LZK should first be 
synthesized in cytosol and then translocated to membranes. It 
has been thought that subcellular compartmentalization is cru- 
cial in providing specificity in the regulation and function of 
protein kinases (43). Some protein kinases were targeted in a 
given compartment in the cell, and following various stimula- 
tions, they translocated to new sites within the cell, where they 
associated with anchor proteins, regulated by other protein 
and/or lipid, to gain access to their physiological substrates. 
Mata et al. (44) recently reported that DLK also exists in both 
cytosolic and membrane-bound form. They showed that each 
form of DLK has different biochemical characteristics. The 
membrane-bound form of DLK is not phosphorylated and forms 
high molecular complexes, and the cytosolic form of DLK is 
phosphorylated and exists as monomers. Since LZK, unlike 
other related protein kinases, does not contain a SH3 domain 
or a proline-rich region that is a presumed SH3-binding motif, 
it remains to be clarified what kind of interaction induces the 
translocation of LZK and regulates the functions of LZK Re- 
cently, MLK-3 was shown to interact specifically with the GTP- 
bound form of Rac and Cdc42 (45), which regulates the JNK 
signaling pathway leading to the c-Jun post-transcriptional 
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Fig. 11. Activation of JNK-1 by LZK. Endogenous JNK1 was im- 
munoprecipitated from C0S7 cells and incubated with glutathione S- 
transferase-c-Jun in the presence of (t- 32 PJATP (see "Experimental 
Procedures"). The reaction was stopped by the addition of the Laemmli 
sample buffer, and the samples were separated by SDS-PAGE and then 
analyzed by using the BAS 2000 image analyzer. The data shown in the 
upper panel were quantified and are shown in the graph. Data repre- 
sent the mean ± S.E. of three independent experiments and are ex- 
pressed as JNK1 relative activity (lower panel). 

activation (46-48). Considering that structurally related MUK 
activated the JNK pathway, LZK might be associated with 
mitogen-activated protein kinase pathways under the regula- 
tion of a small GTP-binding protein. However, to clarify the 
mechanism which might regulate the function of LZK, further 
studies must be done on the biochemical difference between 
phosphorylated and npn-phosphorylated forms of LZK and the 
signals regulating the compartmentalization of LZK. 

Acknowledgment — We thank Hiroko Yamaguchi for secretarial 
assistance. 

REFERENCES 
1. Hunter, T. (1991) Methods Enzymol. 200, 3-37 

. 2. Fantl, W. J. f Johnson, D. E. & Williams, L. T. (1993) Annu. Rev. Biochem. 62, 
453-481 

3. Kingsley, D. M. (1994) Genes Dev. 8, 133-146 

4. Mailer, J. L. (1991) Curr. Opin. Cell Biol. 3, 269-275 

5. Husain-Chishti, A., Levin, A. & Branton, D. (1988) Nature 334, 718-721 

6. Hunter, T. & Karin, M. (1992) Cell 70, 375-387 

7. Frederickson, R. M. & Sonenberg, N. (1992) Semin. Cell Biol. 3, 107-115 

8. Hanks, S. K-, Quinn, A. M. & Hunter, T. (1988) Science 241, 42-52 



9. Hanks, S. K. (1991) Curr. Opin. Struct. Biol. 1, 369-383 

10. Linberg, R. A., Quinn, A. M. & Hunter, T. (1992) Trends Biochem. Sci. 17, 

114-119 

11. Koch, C, A., Anderson, D., Moran. M. F., Ellis, C. & Pawson, T. (1991) Science 

252, 668-674 

12. Pawson, T. & Gish. G. D. (1992) Cell 71, 359-362 

13. Wolfe, L., Corbin, J. D. & Francis. S. H. (1989) J. Biol. Chem. 264, 7734-7741 

14. Hanks, S. K. & Hunter. T. (1995) FASEB J. 9, 576-596 

15. Dorow, D. S., Devereux, L., Dietzsch, E. & deKretser, T. (1993) Eur. 

J. Biochem. 231, 701-710 

16. Dorow, D. S., Devereux, L. & Simson, R. L. (1994) J. Protein Chem. 13, 

458-460 

17. Kato, M., Hirai, M., Sugimura, T. ( and Terada, M. (1995) Oncogene 10, 

1447-1451 

18. Ewe, K., Lee, S.-T., Strunk, K. & Spritz, R. A. (1994) Oncogene 9, 935-938 

19. Gallo, K. A., Mark, M. R., Scadden, D. T., Wang. Z., Gu. Q. & Godwoski, P. J. 

(1994) J. Biol. Chem. 269, 15092-15100 

20. Ing, Y. L., Leung, I. W. L., Heng. H. H. Q., Tsui, L.-C. & Lassa, J. (1994) 

Oncogene 9, 1745-1750 

21. HolUman, L. B., Merritt, S. E. & Fan. G. (1994) J. Biol. Chem. 269, 

30808-30817 

22. Reddy, U. R. & Presure, D. (1994) Biochem. Biophys. Res. Commun. 202, 

613-620 

23. Hirai, S., Izawa, M., Osada, S., Spyrou, G. & Ohno, S. (1996) Oncogene 12, 

641-650 

24. Laemmli, U. K. (1970) Nature 227, 680-685 

25. Zheng, C. F. & Guan, K. L. (1993) J. Biol. Chem. 268, 23933-23939 

26. Tibbies, L. A., Ing, Y. L., Kiefer. F„ Chan, J., Iscove. N., Woodgett, J. R. & 

Lassam, N. J. (1996) EMBO J. 15, 7026-7035 

27. Fan, G., Merritt, S. E., Kortenjann, M., Shaw, E. P. & Holzman, L. B. (1996) 

J. Biol. Chem. 271, 24788-24793 

28. Rosette, C. & Karin, M. (1996) Science 274, 1194-1197 

29. Dergard, B., Hibi, M., Wu, I. H., Barrett, T., Su, B., Deng, T., Karin, M. & 

Davis, R. J. (1994) Cell 76, 1025-1037 

30. Pulverer, B. J., Kyriakis, J. M., Avruch, J., Nikolakaki, E. & Woodgett, J. R. 
. (1991) Nature 353, 670-674 

31. Gupta, S., Campbell, D., Deryard, B. & Davis, R. J. (1995) Science 267, 

389-393 

32. Chou, P. Y. & Fasman, G. D. (1978) Annu. Rev. Biochem. 47, 251-276 

33. Landgraf, W., Hofinan, F., Pelton, J. T. & Huggins, J. P. (1990) Biochemistry 

29, 9921-9928 

0*t. nuuiuuu, n, n., otiuucn, v uugguia, u. i . » i ciwu, v, * . */ 

30, 9387-9395 

35. Taylor, S. S., Knighton, D. R., Zheng, J., Sowakski, J. M., Gibbs, C. S. & Zoller, 

M. J. (1993) Trends Biochem. Sci. 18, 84-89 

36. Schultz, S. J. & Nigg, E. A. (1993) Cell Growth & Differ. 4, 821-830 

37. Lange-Carter, C. A., Pleiman, C. M., Gardner, A. M., Blumer, K. J. & Johnson, 

G. L. (1993) Science 260, 315-319 

38. Sanchez, I., Hughes, R. T., Mayer, B. J., Yee, K., Woodgett, J. R., Avruch, J., 

Kyriakis, J. M. & Zon, L. I. (1994) Nature 372, 794-798 

39. Deryard, B., Raingeaud, J., Barrett, T., Wu, I.-H., Han, J., Ulevitch, R. J. & 

Davis, R J. (1995) Science 249, 1266-1272 

40. Yan, M., Dai, T., Deak, J. C, Kyriakis, J. M., Zon, L. I., Woodgett, J. R. & 

Templeton, D. J. (1994) Nature 372, 798-800 

41. Lin, A., Minden, A., Martinetto, H., Claret, F.-X., Lange-Carter, C, Mercurio, 

F., Johnson, G. L. & Karin, M. (1995) Science 268, 286-290 

42. Kyriakis, J. M. & Zon, L. I. (1994) Nature 372, 794-798 

43. Inagaki, N., Ito, M., Nakano, T. & Inagaki, M. (1994) Trends Biochem. Sci. 19, 

448-452 

44. Mata, M., Merrit, S. E., Fan, G., Yu, G. G. & Holzman, L. B. (1996) J. Biol. 

Chem 271, 16888-16896 

45. Burbelo, P. D., Drechsel, D. & Hall, A. (1995) J. Biol. Chem. 270, 29071-29074 

46. Bagrodia, S., Deryard, B., Davis, R. J. & Cerione, R. A. (1995) J. Biol. Chem. 

270, 27995-27998 

47. Coso, O. A., Chiariello, M., Yu, J.-C, Teramoto, H., Crespo, P., Xu, N., Miki, T. 

& Gutkind, J. S. (1995) Cell 81, 1137-1146 

48. Minden, A., Lin, A., Claret, F.-X., Abo. A. & Karin, M. (1995) Cell 81, 

1147-1157 



